Basic principles of stray radiation suppression are employed in a FORTRAN computer program that assists in the design of well -baffled axially symmetric optical systems. Called GOSBOP (General Optical System Baffle Optimization Program), this program can design the baffle structure of a typical system according to the user's specifications in less than a second on a CYBER 175 computer. The program can also be used in conjunction with a new version of the first APART (Arizona's Paraxial Analysis of Radiation Transfer) subprogram to design and evaluate a baffled optical system in a single computer run with a minimal amount of input.
Introduction
The task of designing an opto-mechanical system with low stray radiation characteristics can be difficult and time -consuming.
The purpose of the research summarized in this paper was to minimize this effort by computerizing the tedious calculations and developing a straight -forward step -by -step procedure for reducing the stray radiation to acceptable levels.
Basic Principles of Effective Stray Radiation Suppression'
When designing a well-baffled optical system or radiation sensor, the first, and most obvious, situation to avoid is allowing radiation from an external out -of -field source, such as the sun, to directly impinge upon the image or detector plane.
A good example of this is found in a baffled Cassegrain telescope.
Two baffles, the secondary and conical, extend toward each other from the two mirrors such that they just border the unvignetted beam.
A line through the tips of the two baffles intersects the image plane outside the field. Therefore, object space radiation must scatter at least once before it can reach the detectors (see Figure 1) . Once all such direct stray radiation paths are eliminated, then a designer should proceed to examine those paths that involve one intermediate scattering surface between the source and detector.
After these paths are minimized or entirely eliminated, multiple scattering paths of increasing order should be considered.
The amount of stray radiation reaching a detector due to a single scattering off a small element of an internal surface, such as a baffle or mirror, is the product of three factors; the amount of radiation incident upon the surface, the reflectivity of the surface for the particular incoming and outgoing directions, and the projected solid angle of the detector as seen from the element. Reducing any one of these factors to zero will, of course, completely eliminate the contribution of that path. However, the reflectivity is always a finite number for any real material.
Many times when a radiation sensor is designed, the optical and mechanical configuration is set before any serious thought is given to possible stray radiation problems.
At this point a computer analysis of the proposed system or an extensive test of the already built sensor will sometimes reveal major flaws in the baffle design, and since the project is usually too far along for major redesigns, only minor fixes can be made.
In most cases this means putting more expensive black coatings or vane structure on the offending surfaces to reduce the reflectivity.
For the optimal design of baffles, effective stray radiation suppression methods must be incorporated into the opto-mechanical design phase from the beginning.
If this is done, then the designer can entirely eliminate the major propagation paths by blocking either the transfer from the source to the scattering surface or the one from the surface to the detector.
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Abstract
Basic principles of stray radiation suppression are employed in a FORTRAN computer program that assists in the design of well-baffled axially symmetric optical systems. Called GOSBOP (General Optical System Baffle Optimization Program), this program can design the baffle structure of a typical system according to the user's specifications in less than a second on a CYBER 175 computer.
The program can also be used in conjunction with a new version of the first APART (Arizona's Paraxial Analysis of Radiation Transfer) subprogram to design and evaluate a baffled optical system in a single computer run with a minimal amount of input.
The programs enable the user to identify and eliminate troublesome single diffusescattering paths so that a preliminary design can be optimized in terms of both optical performance and stray radiation suppression in only a few successive computer runs.
As an example, the technique is applied to optimizing the baffle structure of a typical Cassegrain telescope such that the stray radiation reaching the image plane is reduced by up to three orders of magnitude.
The stray radiation rejection of the final design compares favorably with relatively more complicated designs.
Introduct ion
The task of designing an opto-mechanical system with low stray radiation characteristics can be difficult and time-consuming.
The purpose of the research summarized in this paper was to minimize this effort by computerizing the tedious calculations and developing a straight-forward step-by-step procedure for reducing the stray radiation to acceptable leve Is .
Basic Princip1es of Effective Stray Radiation Suppression
When designing a well-baffled optical system or radiation sensor, the first, and most obvious, situation to avoid is allowing radiation from an external out-of-field source, such as the sun, to directly impinge upon the image or detector plane.
A line through the tips of the two baffles intersects the image plane outside the field. Therefore, object space radiation must scatter at least once before it can reach the detectors (see Figure 1) .
Once all such direct stray radiation paths are eliminated, then a designer should proceed to examine those paths that involve one intermediate scattering surface between the source and detector.
The amount of stray radiation reaching a detector due to a single scattering off a small element of an internal surface, such as a baffle or mirror, is the product of three factors; the amount of radiation incident upon the surface, the reflectivity of the surface for the particular incoming and outgoing directions, and the projected solid angle of the detector as seen from the element.
Reducing any one of these factors to zero will, of course, completely eliminate the contribution of that path.
However, the reflectivity is always a finite number for any real material.
At this point a computer analysis of the proposed system or an extensive test of the already built sensor will sometimes reveal major flaws in the baffle design, and since the project is usually too far along for major redesigns, only mi.nor fixes can be made.
For the optimal design of baffles, effective stray radiation suppression methods must be incorporated into the opto-mechanical design phase from the beginning. If this is done, then the designer can entirely eliminate the major propagation paths by blocking either the transfer from the source to the scattering surface or the one from the surface to the detector. 
Baffle Alignment and Field Stops
The first transfer in a propagation path can be blocked so that radiation does not reach the scattering surface by either proper baffle alignment or, if possible, the use of a field stop.
We have already seen how lining up baffle tips can prevent direct radiation from reaching the image plane of a Cassegrain telescope. In these minimally baffled Cassegrain designs the resulting dominant stray radiation path is usually the one in which the direct radiation strikes the inside of the conical baffle and then scatters to the nearby detector plane. The contribution from this path can be reduced by placing vanes on the inner conical baffle surface (Figure 2) .
This forces the radiation to scatter twice thereby reducing the effective reflectivity of the ficticious baffle surface. Alternatively, radiation can be kept completely off the inner conical baffle by aligning the tips of the two baffles with the edge of the entrance port at the tip of the main baffle ( Figure 3) .
However, the main tube would usually have to be impractically long to accomplish this.
The same baffle alignment can be had with a main tube of reasonable length at the expense of an increased obscuration (see Figure 4) or altering the basic first -order optical prescription.
If the optical system has an intermediate real image plane, then a field stop can be inserted there.
Any out -of -field radiation is imaged outside the stop and cannot propagate further into the system.
Aperture and Obscuration Stops
Aperture or obscuration stops can be used to block the final transfer in a path, i.e. the one from the scattering surface to the detector. The aperture stop is the aperture in an optical system that limits the outside of the unvignetted signal beam.
Any axially symmetric optical system with at least one reflecting element must have a central obscuration and, therefore, an obscuration stop which limits the inside of the beam.
Both of these stops have an effect analogous to the field stop in that they determine what surfaces bordering the beam can be seen by an in -field detector.
The field stop determines what surfaces receive radiation from an out -of -field source. To be more precise, if one looks back into the system from a point in the image plane that is inside the unvignetted field -of -view, one typically sees a vignetting diagram as shown in Figure S . Since the stops are the limiting apertures, no surfaces except optical surfaces can be seen beyond the stops, i.e. no baffle surfaces bordering the outside of the beam can be seen beyond the aperture stop and no baffles bordering the inside are visible beyond the obscuration stop. Therefore, shifting of these stops is a valuable tool in the suppression of stray radiation in optical systems just as stop shifts are important in the reduction of aberrations.
The closer the stops are to the image plane the smaller the number of "critical" or visible surfaces and the lesser the chance of stray radiation reaching the image plane.
Computer Assisted Design
The methods and procedures outlined above have been used with varying degrees of success in several optical systems.2 The problem in the past has been the substantial amount of time and effort required to design an opto-mechanical system along such principles. This is mostly due to the fact that there has been no handy set of computer programs written to do all the tedious work for the designer.
Determining the Unvignetted Beam
The first task involved in designing the baffle structure of an optical system is the determination of the boundaries of the unvignetted beam. This requires the tracing of rays from the edges of the object to the edges of the stops. For axially symmetric optical systems, we need only consider rays in the meridonal plane. Then the unvignetted beam must be bounded on the outside, in general, by four rays that originate from the upper and lower edges of the object and pass through the upper and lower edges of the aperture stop. However, because of axial symmetry, only two of these rays are unique.
In addition, the ray from the center of the object through the edge of the stop is needed to determine the actual stop size if the stop is not in the first space.
If the axially symmetric optical system has at least one reflecting optical element, then there will also be an obscuration stop that determines the inner boundary of the beam. This means that another three rays must be traced, bringing the total to six.
These rays are shown in Figure 6 for a Cassegrain telescope.
Real rays must be used in designing any system where the positioning of the baffles could be critical to its performance.
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In these minimally baffled Cassegrain designs the resulting dominant stray radiation path is usually the one in which the direct radiation strikes the inside of the conical baffle and then scatters to the nearby detector plane. The contribution from this path can be reduced by placing vanes on the inner conical baffle surface (Figure 2) . This forces the radiation to scatter twice thereby reducing the effective reflectivity of the ficticious baffle surface.
Alternatively, radiation can be kept completely off the inner conical baffle by aligning the tips of the two baffles with the edge of the entrance port at the tip of the main baffle ( Figure 3) .
The same baffle alignment can be had with a main tube of reasonable length at the expense of an increased obscuration (see Figure 4) or altering the basic first-order optical prescription.
Any out-of-field radiation is imaged outside the stop and cannot propagate further into the system.
Aperture and Obscuration Stops
Aperture or obscuration stops can be used to block the final transfer in a path, i.e. the one from the scattering surface to the detector.
The aperture stop is the aperture in an optical system that limits the outside of the unvignetted signal beam.
Both of these stops have an effect analogous to the field stop in that they determine what surfaces bordering the beam can be seen by an in-field detector.
The field stop determines what surfaces receive radiation from an out-of-field source.
To be more precise, if one looks back into the system from a point in the image plane that is inside the unvignetted fie Id-of-view, one typically sees a vignetting diagram as shown in Figure 5 . Since the stops are the limiting apertures, no surfaces except optical surfaces can be seen beyond the stops, i.e. no baffle surfaces bordering the outside of the beam can be seen beyond the aperture stop and no baffles bordering the inside are visible beyond the obscuration stop.
Therefore, shifting of these stops is a valuable tool in the suppression of stray radiation in optical systems just as stop shifts are important in the reduction of aberrations.
The closer the stops are to the image plane the smaller the number of "critical" or visible surfaces and the lesser the chance of stray radiation reaching the image p lane.
Computer Assisted Design
The methods and procedures outlined above have been used with varying degrees of success in several optical systems. 2 The problem in the past has been the substantial amount of time and effort required to design an opto-mechanical system along such principles. This is mostly due to the fact that there has been no handy set of computer programs written to do all the tedious work for the designer.
Determining the Unvignetted Beam
The first task involved in designing the baffle structure of an optical system i-s the determination of the boundaries of the unvignetted beam.
This requires the tracing of rays from the edges of the object to the edges of the stops.
For axially symmetric optical systems, we need only consider rays in the meridonal plane.
Then the unvignetted beam must be bounded on the outside, in general, by four rays that originate from the upper and lower edges of the object and pass through the upper and lower edges of the aperture stop. However, because of axial symmetry, only two of these rays are unique.
The tracing of a real ray through an aspheric optical surface of order greater than four must be done by an iterative process. In addition, since the stops can be located anywhere in the system and not necessarily before the first optical surface, the rays through the stops must, in general, be found by an iterative aiming technique.
All this can be done on a programmable calculator or with one of the large optical design programs that have such a ray tracing capability.
Once the boundaries of the beam are known, then baffles may be inserted along these boundaries without encroaching on the beam. The intersection of two boundaries that occurs when the beam folds back on itself due to a reflecting optical element determines the tip of the baffle that can be placed there.
As pointed out in the last chapter, it is the alignment of these intersection points or baffle tips that is of the most interest to the designer.
Although there are approximate closed -form analytical solutions,3 graphical methods,`` and computer programs5 for the baffling of specific optical designs with specific stop locations, there were until now none available for arbitrary axially symmetric systems.
In the past the designer had to go through a time -consuming series of trial-and -error calculations in order to arrive at a satisfactory design that achieved the desired baffle alignment.
If it was also advantageous to make a baffle tip one of the stops (e.g. the secondary baffle tip in a Cassegrain is usually the obscuration stop), then another iterative calculation was necessary.
Overall there could be up to four levels of iterative calculations that had to be performed (see Figure 7) .
At the very least it could take a designer, even with the aid of a sophisticated ray trace program, several hours to perform all the iterations necessary to arrive at a satisfactory design. The input is concise, straight-forward and unformatted so that it takes only a few minutes for the user to set up a deck.
In addition, the program generates an input deck for the APART stray radiation analysis program. The analysis of a design will be covered in more detail later. Each block corresponds to a separate routine in the program.
Closed -form paraxial equations are used as the starting guesses for the aiming of the six real rays that determine the boundaries of the beam.
The desired baffle alignments and stop locations are reached by a modified Newton -Raphson iterative process.
Basic Cassegrain Telescope Designs
For illustrative purposes, GOSBOP was used to design some typical minimally baffled Ritchey -Cretien telescopes with the following parameters in common:
overall f-number of ten (10), entrance aperture diameter of two (2), full angular field -of -view of .01 radians (.573 degrees), aperture stop at the primary mirror, and obscuration stop at the secondary baffle tip.
We begin the first design by specifying a typical primary f-number of 2.5.
This sets the first -order optical properties of the system.
(The program will determine the aspherics on the mirrors necessary to eliminate both third -order spherical aberration and coma).
We can now instruct GOSBOP to vary the obscuration ratio until the two baffle tips are aligned with the bottom edge of the image plane. Figure 9 is the output from GOSBOP for this computer run.
The coordinates of the two baffle tips can be found under the "Intersections" heading. Note that the program generates an optical figure -of -merit in the form of an approximate blur diameter for the image of an on -axis object point and a point at the extreme edge of the field.
This allows the user to monitor the image quality so that he or she can determine the tradeoffs between optical performance and baffle structure.
Four major iterations and less than one -tenth of a second on the CYBER 175 were needed to arrive at this solution. The required obscuration ratio turned out to be .33623.
If this obscuration ratio is too high because of say diffraction effects, then one would have to vary some first -order optical property of the system in order to achieve the same baffle alignment for a smaller obscuration. The method employed in GOSBOP for varying the first -order properties of an arbitrary optical system is based upon experience with the Delano y -ÿ diagram.6'7 Essentially, the y -ÿ diagram depicts a skew ray, whose orthogonal projections are the marginal and chief rays, as it would appear when viewed down the optical axis.
A constraint placed on an optical design will many times result in confining a point that represents an optical surface to move along some fixed line on the diagram. For example, suppose we would like to move the final image plane in our Cassegrain system keeping the primary focal length fixed.
On COMPUTER-ASSISTED DESIGN OF WELL-BAFFLED AXIALLY SYMMETRIC OPTICAL SYSTEMS surface of order greater than four must be done by an iterative process. In addition, since the stops can be located anywhere in the system and not necessarily before the first optical surface, the rays through the stops must, in general, be found by an iterative aiming technique.
Once the boundaries of the beam are known, then baffles may be inserted along these boundaries without encroaching on the beam.
The intersection of two boundaries that occurs when the beam folds back on itself due to a reflecting optical element determines the tip of the baffle that can be placed there.
As pointed out in the last chapter, it is the alignment of these intersection points or baffle tips that is of the most interest to the desi gner.
Although there are approximate closed-form analytical solutions, 3 graphical methods, 4 and computer programs 5 for the baffling of specific optical designs with specific stop locations, there were until now none available for arbitrary axially symmetric systems.
In the past the designer had to go through a time-consuming series of tria1-and-error calculations in order to arrive at a satisfactory design that achieved the desired baffle alignment.
At the very least it could take a designer, even with the aid of a sophisticated ray trace program, several hours to perform all the iterations necessary to arrive at a satisfactory design.
GOSBOP:
A Baffle Design Program
In order to remedy this situation, a 2000-line FORTRAN computer program called GOSBOP (General Optical System Baffle Optimization Program) has been written by the author that will design a baffled axially symmetric optical system according to the user's specifications.
The input is concise, straight-forward and unformatted so that it takes only a few minutes for the user to set up a deck.
In addition, the program generates an input deck for the APART stray radiation analysis program.
The analysis of a design will be covered in more detail later. Each block corresponds to a separate routine in the program. Closed-form paraxial equations are used as the starting guesses for the aiming of the six real rays that determine the boundaries of the beam.
The desired baffle alignments and stop locations are reached by a modified Newt on-Raphson iterative process.
Basic Cassegrain Telescope Designs
For illustrative purposes, GOSBOP was used to design some typical minimally baffled Ritchey-Cretien telescopes with the following parameters in common:
overall f-number of ten (10), entrance aperture diameter of two (2), full angular fie Id-of-view of .01 radians (.573 degrees), aperture stop at the primary mirror, and obscuration stop at the secondary baffle tip.
This sets the first-order optical properties of the system.
(The program will determine the aspherics on the mirrors necessary to eliminate both third-order spherical aberration and coma) . We can now instruct GOSBOP to vary the obscuration ratio until the two baffle tips are aligned with the bottom edge of the image plane. Figure 9 is the output from GOSBOP for this computer run.
The coordinates of the two baffle tips can be found under the "Intersections" heading. Note that the program generates an optical figure-of-merit in the form of an approximate blur diameter for the image of an on-axis object point and a point at the extreme edge of the field.
Four major iterations and less than one-tenth of a second on the CYBER 175 were needed to arrive at this solution. The required obscuration ratio turned out to be .33623.
If this obscuration ratio is too high because of say diffraction effects, then one would have to vary some first-order optical property of the system in order to achieve the same baffle alignment for a smaller obscuration.
The method employed in GOSBOP for varying the first-order properties of an arbitrary optical system is based upon experience with the Delano y-y diagram. 6 * 7 Essentially, the y-y diagram depicts a skew ray, whose orthogonal projections are the marginal and chief rays, as it would appear when viewed down the optical axis.
A constraint placed on an optical design will many times result in confining a point that represents an optical surface to move along some fixed line on the diagram.
For example, suppose we would like to move the final image plane in our Cassegrain system keeping the primary focal length fixed.
On the y-y diagram of Figure 10 the focal length of the primary mirror is proportional to the shaded area. Therefore, the secondary mirror point must remain on the line between the primary mirror and the primary image.
This particular variation was attempted on GOSBOP for an obscuration ratio of .3 but the program failed to converge to a solution. The cause of the divergence was found by generating a series of GOSBOP runs in which the obscuration ratio was again used to achieve the baffle alignment, but the final image position was varied for each run.
The results in Figure 11 show that there is a position of the final image plane for which the obscuration is minimum, and this minimum is greater than the desired .3.
By first estimating the actual minimum to occur at a back working distance of -1.625, we can then use GOSBOP to calculate the precise obscuration ratio at this point, giving us an interesting second design.
Failure to converge to a valid solution in a reasonable number of iterations usually indicates that one is trying to do the impossible, and a different method of attack should be taken.
For instance, we could move the secondary mirror point on the y -ÿ diagram along another line that does not necessarily keep the primary focal length fixed.
A line through the origin of the diagram would be the simplest (Figure 12) . This corresponds to keeping the ratio of the mirror separation to the back focal distance constant so that the telescope maintains its relative appearance. In this case GOSBOP did converge to a solution for an obscuration ratio of .3 and a primary f-number of 1.971.
The most important properties of the three above computer solutions are summarized inFigure 13.
The three designs are also shown in Figure 13 with entrance ports located at their primary focii.
The program has also been applied successfully to a variety of other optical systems including Gregorian, three -mirror, four-mirror, and catadioptric telescopes.
Evaluating a Design
When trying to arrive at a design with acceptable background levels in the detector plane, it is not enough for the designer to have at hand a computer program that determines the location of the baffles needed to block certain stray radiation propagation paths.
There are two vital pieces of information missing.
First, a particular design needs to be characterized by some sort of figure -of -merit so that it can not only be compared with other designs but also with the performance requirements. Trying to optimize the baffle design of a system with just the GOSBOP program would be like trying to design a lens system with a program that yields the curvatures, thicknesses, and aspherics but no measure of the image quality such as aberration tables, ray fans or spot diagrams.
Secondly, the use of GOSBOP to block propagation paths presupposes that the user knows what paths are involved and their relative importance so that he or she can instruct the program to align the baffles to block the most important paths.
Both of these missing pieces can be filled in by doing an analysis of the design on any one of the big stray radiation computer programs.
Because the author has had some part in its development and is, therefore, most familiar with it, this paper will deal with only one of these programs; APART (Arizona's Paraxial Analysis of Radiation Transfer).
The APART Computer Program in General
Unlike the statistical ray trace programs, APART uses a deterministic approach which is basically a numerical integration of the energy scattered from the internal surfaces of the system. 8 Each surface is divided into small sections. Radiation is transferred from one section to another until radiation from the external source reaches the detector surface. If the radiation must pass through one or more imaging elements then the collector section is imaged in a Gaussian or ideal manner.
The program keeps track of the amount and origin of the power falling onto each section in the system including those on the detector plane. From this information a suitable figure -of -merit and the major propagation paths can be determined.
Like all stray radiation programs APART is more difficult to use than a lens design program because there are additional physical processes that must be modeled, and, therefore, much more information that must be fed into the computer, i.e. not only the optical prescription but also the locations and scattering characteristics of all non -imaging surfaces. In addition, most of the programs allow the user to also specify what propagation paths the computer is to consider in its calculations. Although some of the programs can be operated in a "one shot" manner and consider all paths, the computational time is immense and thus, in many cases, prohibitive. APART requires the user to set up the propagation paths but provides sufficient information to the user to allow he or she to intelligently pick those paths that should be most important.
This method has both its advantages and disadvantages. It is computationally more efficient and forces the user to understand the underlying mechanisms better, but requires more effort from the user and opens the analysis to an additional possibility of human error.
Experience has shown that in most cases, major errors in an analysis are due to the. omission of a significant propagation path.
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primary mirror is proportional to the shaded area.
Therefore, the secondary mirror point must remain on the line between the primary mirror and the primary image.
This particular variation was attempted on GOSBOP for an obscuration ratio of .3 but the program failed to converge to a solution.
The cause of the divergence was found by generating a series of GOSBOP runs in which the obscuration ratio was again used to achieve the baffle alignment, but the final image position was varied for each run.
For instance, we could move the secondary mirror point on the y-y diagram along another line that does not necessarily keep the primary focal length fixed.
A line through the origin of the diagram would be the simplest (Figure 12) . This corresponds to keeping the ratio of the mirror separation to the back focal distance constant so that the telescope maintains its relative appearance.
In this case GOSBOP did converge to a solution for an obscuration ratio of .3 and a primary f-number of 1.971.
The most important properties of the three above computer solutions are summarized in Figure 13 .
The program has also been applied successfully to a variety of other optical systems including Gregorian, three-mirror, four-mirror, and catadioptric telescopes.
Evaluating a Design
First, a particular design needs to be characterized by some sort of figure-of-merit so that it can not only be compared with other designs but also with the performance requirements.
Trying to optimize the baffle design of a system with just the GOSBOP program would be like trying to design a lens system with a program that yields the curvatures, thicknesses, and aspherics but no measure of the image quality such as aberration tables, ray fans or spot diagrams.
The APART Computer Program in General
The program keeps track of the amount and origin of the power falling onto each section in the system including those on the detector plane. From this information a suitable figure-of-merit and the major propagation paths can be determined.
Like all stray radiation programs APART is more difficult to use than a lens design program because there are additional physical processes that must be modeled, and, therefore, much more information that must be fed into the computer, i.e. not only the optical prescription but also the locations and scattering characteristics of all non-imaging surfaces. In addition, most of the programs allow the user to also specify what propagation paths the computer is to consider in its calculations.
Although some of the programs can be operated in a "one shot" manner and consider all paths, the computational time is immense and thus, in many cases, prohibitive.
APART requires the user to set up the propagation paths but provides sufficient information to the user to allow he or she to intelligently pick those paths that should be most important.
Experience has shown that in most cases, major errors in an analysis are due to the-omission of a significant propagation path.
The Mechanics of Using APART
APART is a semi -interactive program divided into three separate batch subprograms.
The geometry of the opto-mechanical system is entered into the first subprogram, APART1.
For complicated systems this can require a significant effort by the user because dimensions on a blueprint must be converted to the absolute coordinate system used by the program. How- ever, this work is avoided when using the GOSBOP design program since it creates an APART1 input file by placing baffle surfaces along the boundaries of the signal beam.
In the second subprogram, the user specifies from what surfaces to what other surfaces energy will be transferred. APART2 then calculates the projected solid angle that each collector section subtends from each source section, and the angles out of the source and into the collector section. Besides specifying the source and collector surfaces, the user must also designate the surfaces that might possibly block the line of sight between the source and collector sections.
All this necessary input to APART2 is generated by the user with the aid of two forms of output from APART1. The first is a graphical two -dimensional representation of the surfaces in the system as imaged into a particular space.
For example, Figure 14 is a plot of the surfaces in a Cassegrain as seen from the first or object space.
From this the user can determine the surfaces illuminated by a distant off -axis source.
Likewise, the objects seen by a detector in the image plane can be determined from a plot of the surfaces imaged into the final space (Figure 15 ).
Only these surfaces can transfer energy to the detector. Intermediate transfers between the illuminated and seen areas can be set up using plots of the intermediate image spaces.
Although the plots are indispensible when thoroughly analyzing a system, they are sometimes difficult to interpret, especially for the novice user.
For instance, they are a two -dimensional representation of a three -dimensional system. This can sometimes lead to conceptual problems for the user.
Secondly, the lines on a plot can become confusing.
One object may have to be split into two when its image passes through infinity, i.e. the object itself passes through a focus.
Also, images of different objects may overlap on the same plot. To remedy this, APART was given the capability of scanning the final image space from a designated point in order to determine the precise locations of the areas seen by a detector.
The scattering characteristics of each surface are entered into the last subprogram by means of either a table of measured data or any one of the scattering models available. The transfers calculated in APART2 are then connected in a sequence designated by the user to form multi-scattering paths from the external source to the detectors.
Finally, APART3 calculates the final distribution of scattered energy and prints out the contribution from each section in the system.
A New Version of APARTI
Even with the geometrical input already provided by GOSBOP, the analysis of a preliminary design could take several hours using the APART program.
What is needed is a quick stray radiation calculation that can be done in the same batch run as the GOSBOP calculation and with a minimal amount of user effort. To accomplish this a new version of the first APART subprogram was developed that can analyze all single scattering paths in a GOSBOP design given only the scattering characteristics of the baffles and optics and the angular position of a distant off -axis point source.
This calculation was made possible by expanding the scanning capability of the APART1 to include any point in any space. Therefore, the subprogram can both look into the system from the point source to determine the illuminated areas and look out from the detector point to determine the final scattering areas. These areas are then matched up to determine if they overlap.
If they do, the relative amount of energy scattered to the detector is calculated.
In the case of multiple scattering paths, the user must resort to a complete APART analysis. However, a quantitive knowledge of the usually more important single scattering paths can be very useful when doing a first pass optimization of a particular design or comparing radically different designs.
APART1 can handle multiple scattering in the cavities between vanes. Like APART, the subprogram assigns the ficticious baffle surface formed by the tips of the vanes a special scattering characteristic that effectively mimics the actual multiple scattering.
In addition, APART1 can determine for the designer the angle, depth, and separation of the vanes that minimizes both the scatter and the number of vanes on the surface.
Since the stray radiation analysis technique employed in APART' is fundamentally different than the numerical integration method of the complete APART program, a crosscheck analysis was performed on our first GOSBOP solution to a minimally baffled Cassegrain telescope. The baffles and optical surfaces were assumed to have Lambertian scattering characteristics with total hemispherical reflectivity of .01 and .0001, respectively. These reflectivities correspond to near state -of-the -art surfaces operating in the infrared. 
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In the second subprogram, the user specifies from what surfaces to what other surfaces energy will be transferred. APART2 then calculates the projected solid angle that each collector section subtends from each source section, and the angles out of the source and into the collector section.
Besides specifying the source and collector surfaces, the user must also designate the surfaces that might possibly block the line of sight between the source and collector sections.
All this necessary input to APART2 is generated by the user with the aid of two forms of output from APART1.
The first is a graphical two-dimensional representation of the surfaces in the system as imaged into a particular space.
From this the user can determine the surfaces illuminated by a distant off-axis source.
Although the plots are indispensib le when thoroughly analyzing a system, they are sometimes difficult to interpret, especially for the novice user.
For instance, they are a two-dimensional representation of a three-dimensional system. This can sometimes lead to conceptual problems for the user.
Also, images of different objects may overlap on the same plot.
To remedy this, APART was given the capability of scanning the final image space from a designated point in order to determine the precise locations of the areas seen by a detector.
The scattering characteristics of each surface are entered into the last subprogram by means of either a table of measured data or any one of the scattering models available.
The transfers calculated in APART2 are then connected in a sequence designated by the user to form multi-scattering paths from the external source to the detectors.
Finally,, APART3 calculates the final distribution of scattered energy and prints out the contribution from each section in the system.
A New Version of APART1
What is needed is a quick stray radiation calculation that can be done in the same batch run as the GOSBOP calculation and with a minimal amount of user effort.
To accomplish this a new version of the first APART subprogram was developed that can analyze all single scattering paths in a GOSBOP design given only the scattering characteristics of the baffles and optics and the angular position of a distant off-axis point source.
In the case of multiple scattering paths, the user must resort to a complete APART analysis.
However, a quantitive knowledge of the usually more important single scattering paths can be very useful when doing a first pass optimization of a particular design or comparing radically different designs.
APART1 can handle multiple scattering in the cavities between vanes.
Like APART, the subprogram assigns the ficticious baffle surface formed by the tips of the vanes a special scattering characteristic that effectively mimics the actual multiple scattering.
Since the stray radiation analysis technique employed in APART! is fundamentally different than the numerical integration method of the complete APART program, a crosscheck analysis was performed on our first GOSBOP solution to a minimally baffled Cassegrain telescope. The baffles and optical surfaces were assumed to have Lambertian scattering characteristics with total hemispherical reflectivity of .01 and .0001, respectively.
These reflectivities correspond to near state-of-the-art surfaces operating in the infrared. Figure 18 . Major contributor at each source angle. more complicated and realistic scattering models. However, besides being considerably more efficient, a Lambertian model is sufficient for our purposes.
The results of this comparative analysis are shown in Figure 16 , a plot of the Point Source Transmittance (PST) as a function of ten (10) angular positions of the distant offaxis point source.
The PST is defined as the irradiance at the center of the image plane divided by the irradiance (normal to the point source direction) incident upon the instrument.
All the curves have a rather prominant hump in the 8 to 20 degree region because the inner conical baffle is directly illuminated. The choppiness of the one APART curve is due to the quantum nature of the numerical integration technique, i.e. the radiation from the point source walks on and off the sections of the inner conical baffle as the off -axis angle changes. To minimize this effect, the sections were subdivided into nine smaller sections.
As a result the third PST curve is much smoother.
All three curves agree as well as can be expected. More importantly, APART1 and APART agree on which are the dominant scattering paths at each angle.
The main difference between the analyses is in the effort put forth by both the user and the computer. The GOSBOP-APART1 design and analysis required less than 3 seconds on the CYBER 175 and 35 input cards (see Figure 17) , considerably less than the more than 40 seconds and 200 cards for the complete APART analysis.
Optimization of a Design
Besides a PST figure -of-merit, the most useful information provided by APART/ is a summary of the dominant single scattering paths at each angle.
This output for the Cassegrain analyzed in the last section is shown in Figure 18 .
From this the user can determine what path needs to be eliminated in order to improve the instrument's performance most significantly.
He or she can then return to the GOSBOP program to either align the baffles or shift the stops.
This procedure of design, evaluation, and redesign can be repeated until the system meets spec or all single scattering paths, except for those involving scatter off of optical surfaces, are eliminated. Depending on the number of optimization iterations needed, a typical system can be optimized with GOSBOP and APART1 in a few hours.
Cassegrain Example
First Iteration.
As we discovered from Figure 18 , the path involving the directly illuminated inner conical baffle dominates over most of the angles.
We could reduce the effective reflectivity of this surface by placing vanes on it or we could prevent radiation from reaching it by varying the obscuration to align the two baffle tips with the tip of the main baffle.
As one can see from Figure 19 , the baffle alignment was more effective. However this solution required an increase in obscuration ratio from .33623 to .40652.
The resulting decrease in signal is more than offset by the reduction in stray radiation level so that overall the signal -to -noise ratio increases.
Second Iteration.
The major paths in the new design involve the inner secondary baffle at the small angles and the area of the main baffle near the primary mirror at the larger ones.
Both of these surfaces can be eliminated from view of the detector by shifting the aperture stop to the aperture formed by the end of the conical baffle.
There are drawbacks to shifting the stop this close to the image plane. The clear aperture of the primary mirror must be enlarged to prevent vignetting for the same entrance pupil size.
Also, the field aberrations will worsen.
However, both of these effects are negligible for the small field -of -view of this system.
Third Iteration. After the aperture stop has been shifted, the major contributor becomes the outside of the conical baffle. By making the end of the conical baffle the obscuration stop also, the outer conical baffle can no longer be seen in reflection through the secondary mirror.
(Remember that during the shifting of the stops, the obscuration ratio must be continually varied in order to maintain the alignment of the three baffle tips).
This final design is "optimum" in the sense that the remaining dominant paths involve scattering off of optical surfaces only.
The PST curves corresponding to each of the preliminary designs leading to and including this optimum design are shown in Figure 20 . The baffle alignment, stop locations, obscuration ratio, and dominant path for each of these optimization iterations are shown in Figure   21 .
In three iterations and less than an hour of the author's time, the stray radiation of the starting design was reduced by nearly three orders of magnitude at the larger off -axis angles.
Cassegrain with a Lens Reimager
The addition of a reimaging system to an instrument is a standard stray radiation suppression technique.
This makes it possible to place the stops very close to the final image plane without oversizing the optical components.
It also allows the introduction of a field stop. GREYNOLDS more complicated and realistic scattering models. However, besides being considerably more efficient, a Lambertian model is sufficient for our purposes.
The PST is defined as the irradiance at the center of the image plane divided by the irradiance (normal to the point source direction) incident upon the instru ment.
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Cassegrain with a Lens Reimager
The addition of a reimaging system to an instrument is a standard stray radiation sup pression technique.
It also allows the introduction of a field stop. 23) with our optimum Cassegrain design.
Since both are limited by scattering from the optical surfaces, one would expect them to have comparable stray radiation characteristics. However, the addition of the reimager complicates the system both optically and mechanically, adding to its expense without significantly improving its performance.
Summary
Given the ability to calculate the magnitude of the stray radiation and the relative contributions from all scattering paths, it is a straight-forward task for the optical systems designer to significantly reduce the stray radiation.
The GOSBOP-APART1 code is an easy -to -use tool that minimizes the designer's time and effort.
The code is limited to the design and analysis of axially symmetric optical systems and single scattering paths.
Since many of the state -of-the -art systems are asymmetric and limited at some off -axis angles by multiple scattering, future development of the code will be aimed at removing these restrictions.
Diffraction effects were not included in any of the analyses just presented. There is a computer program available from Breault Research in Tucson that can be used along with the APART program to calculate diffracted stray energy in complex opto-mechanical systems. As for the rough APART1 calculation, the addition of diffraction is a relatively straight-forward programming problem that I have yet to undertake.
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